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Fe3−xGeTe2 is a layered magnetic van der Waals material of interest for both fundamental and
applied research. Despite the observation of intriguing physical properties, open questions exist even
on the basic features related to magnetism: is it a simple ferromagnet or are there antiferromagnetic
regimes and are the moments local or itinerant. Here, we demonstrate that antiferromagnetic spin
fluctuations coexist with the ferromagnetism through comprehensive elastic and inelastic neutron
scattering and thermodynamic measurements. Our realistic dynamical mean-field theory calcu-
lations reveal that the competing magnetic fluctuations are driven by an orbital selective Mott
transition (OSMT), where only the plane-perpendicular a1g orbital of the Fe(3d) manifold remains
itinerant. Our results highlight the multi-orbital character in Fe3−xGeTe2 that supports a rare
coexistence of local and itinerant physics within this material.

Reducing the dimensionality of a compound to topo-
logically constrained layers can enhance quantum phe-
nomena and drive novel behavior. In this context two-
dimensional (2D) layered materials that can exist from
the bulk down to single layers due to weak interlayer van
der Waals (vdW) bonding have undergone intense inter-
est [1, 2]. The iron chalcogenide Fe3−xGeTe2 (FGT) (see
Fig. 1(a)) has emerged as one of the central protagonists
in 2D vdW material research. FGT is a rare example of a
ferromagnetic (FM) metal vdW material, with the mag-
netism remaining robust down to the monolayer [3–6],
making it promising for device applications [7, 8]. Ionic
gating has enhanced the magnetic ordering to room tem-
perature in exfoliated flakes [3, 9]. Additionally, there
have been observations of anomalous Hall effect [10–12],
large anomolous Nernst effect with Berry curvature [8],
and bubble and labyrinth domain structures and topo-
logically protected skyrmions [13, 14].

Despite intense studies, a deeper understanding of the
physics in FGT, attributed to an apparent dichotomy of
localized and itinerant electrons, has remained elusive.
This has led to debate on whether the magnetic ground
state is a simple FM and how to form robust theoreti-
cal models. First of all, the Stoner exchange splitting is
unlikely to be the sole driving force behind the magnetic
ordering, instead, the interaction among localized mo-
ments may play an important role [15]. Second, strong
electronic correlations are essential to account for mag-
netic and thermodynamic properties [16]. Akin to iron-
based superconductors [17–19], the intra-atomic Hund
coupling may be more relevant in this respect than close
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proximity to a Mott-critical regime [20]. Furthermore,
heavy-fermion behavior has been assigned to FGT based
on experimental signatures below a characteristic tem-
perature [21], such as large mass renormalization [22]
and Kondo screening [23]. Understanding magnetism in
FGT and its conjunction with unique electronic prop-
erties renders an extensive investigation of energy- and
momentum-resolved magnetic responses necessary.

In this Letter, we show that in FGT antiferromagnetic
(AFM) spin fluctuations coexist with FM and explicate
the behavior through an orbital selective Mott transtion
(OSMT) that stabilizes both itinerant and local mag-
netism. This behavior is revealed experimentally through
the static and dynamic magnetic response in neutron
scattering measurements that shows continuous rod-like
magnetic excitations emerging with characteristic wave-
vectors centered around the K point. We explain the un-
derlying mechanisms with realistic dynamical mean-field
theory (DMFT) calculations that reveal a rare OSMT oc-
curs and drives the AFM behavior [24, 25]. Our method-
ology leads to pinpointing the twofold-degenerate Fe-e′g
orbitals of the Fe(3d) shell as key behind both the mag-
netic transition and the OSMT. The multi-orbital char-
acter in FGT can explain the observations of local and
itinerant physics and competing magnetism, as well as
provide insights into potential Kondo behavior.

FGT crystallizes in the hexagonal space group
P63/mmc [22, 26–28], containing two inequivalent Fe
crystallographic sites, FeI and FeII in Fig. 1(a) and (b).
Depending on synthesis conditions, the vacancy concen-
tration on the FeII site can vary up to 30% without chang-
ing the average crystal symmetry [28], while no apparent
vacancy is found on the FeI sites. A near-stoichiometric
sample of FGT enters a FM phase with a strong c-
axis anisotropy below the Curie temperature TC ≈230 K,
which is suppressed with increasing vacancy concentra-
tion [28]. The critical temperature can also be tuned by
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FIG. 1. Elastic neutron scattering data showing FM and
AFM static magnetic correlations in Fe2.85GeTe2. (a) Crys-
tal structure and FM spin state of FeI2FeII1−xGeTe2. (b) Sin-
gle layer view, where the Fe atoms form a decorated hon-
eycomb lattice. The dashed lines indicate the unit-cell. (c)
Low-Q elastic scattering with l= 0.0 ± 0.05 r.l.u. The white
lines are Brillouin zone boundaries. The shaded region in-
dicates the line cuts along the [110]-direction integrated over
k= 0.0±0.02 r.l.u., shown in the panel (d). Intensity at the (e)
FM zone center Γ and (f) the AFM positions Q1 and Q2 as a
function of temperature. Black and red curves are power-law
fits of the data. A linear background are fitted and removed
for order-parameter data at Q1 [Fig. S5]. The paramagnetic
background at 250 K is removed at Q2 and the data offset by
200 for clarity.

chemical doping [29, 30] and hydrostatic pressure [31, 32].
Single crystals of FGT used in this study were synthe-
sized using a self-flux method with a starting composi-
tion of Fe6GeTe9 and a maximum temperature of 1160 ◦C
[28, 33]. A large single crystal of ∼1g with flat c-surfaces
was selected [Fig. S3] and aligned in the (hk0) scattering
plane for all neutron experiments. A power-law fit to
the temperature evolution of FM Bragg intensity yields
a Curie temperature of TC = 205(1) K [Fig. 1(e)], consis-
tent with a vacancy concentration of x ∼ 0.15 [28]. This
Fe2.85GeTe2 composition therefore has significantly less

vacancies than previous inelastic neutron studies [34].
See Supplementary Sec. S1 and S2 for further thermo-
dynamic characterizations and experimental details (see,
also, references [35–40] therein).

The elastic magnetic response is mapped out in
Fig. 1(c) that uncovers AFM correlations developing at
low temperatures within the previously observed FM
phase. An orthogonal coordinate frame, {ha∗ + hb∗,
−ka∗ + kb∗, lc∗}, is used to present data in momen-
tum space, with a generic momentum transfer labeled by
Q = (h−k, h+k, l). At T = 5 K, two AFM features near
the K point at Q1 = (0.3, 0.3, 0) and Q2 = (0.24, 0.24, 0)
are observed [Fig. 1(c)-(d)]. Scattering at Q1 appears
to be a weak Bragg reflection with an Ising-type order-
parameter temperature dependence (critical exponent
∼ 0.125), which disappears above TN = 70(1) K [Fig. 1(f)].
Q1 has an anisotropic peak shape with a narrow width in
the [110]-direction. The second feature is broad diffuse
scattering near Q2 that persists to higher temperatures
[Fig. 1(d)]. The intensity distribution remains mostly un-
changed at l= 0 and 0.5 r.l.u. [Fig. S4], reflecting a dom-
inant 2D character. Tracking the temperature depen-
dence of scattering intensity at Q2 shows a linear decrease
with increasing temperature up to room temperature.

To investigate the dynamical signature of the observed
magnetic correlations, we leverage inelastic neutron scat-
tering on the large single crystal. The results are sum-
marized in Fig. 2. As observed on measurements from
samples with more Fe vacancies [34], there are in-plane
spin-waves consistent with FM ordering. These are well-
resolved in momentum space below ∼8 meV but signifi-
cantly dampen as they enter the Stoner-like continuum at
high energies. The magnetic signals may extend to above
100 meV energy transfer [Fig. S8]. No significant differ-
ence is observed for the low-energy FM spin-waves in the
ordered phase between 5 and 155 K after the Bose fac-
tor, (1− exp(−E/kBT ))−1, is removed [Fig. 2(c)]. As ex-
pected, they become more damped in the paramagnetic
phase at T = 250 K. Systematic temperature evolution of
the FM excitations are also observed in the out-of-plane
directions [Fig. S11]. Our linear spin-wave modeling sug-
gests a rather small exchange coupling between FeI and
FeII sites, differ from earlier neutron-scattering studies
[34, 47] and DFT calculations [3, 48].

Of most significance, the inelastic neutron data reveals
an AFM dynamical response in FGT, in accordance with
the measured AFM elastic signals. Continuous rod-like
excitations emerge near the K point of the hexagonal
Brillouin zone at T = 5 K [Fig. 2(a)]. Strikingly, they are
removed at T = 155 K well below the Curie temperature
TC = 205(1) K, in sharp contrast with the FM spin-waves,
indicating previously unseen competing AFM interac-
tions. See Fig. S6 and S7 for more details on the temper-
ature dependence. A close inspection of the low-Q region
in a constant energy cut at E= 4±1 meV, [Fig. 2(b)], re-
veals that the inelastic signals extend from the K point
to the Γ point, covering both AFM Q1 and Q2 posi-
tions observed in the elastic channel. Data collected
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FIG. 2. Inelastic neutron-scattering data of Fe2.85GeTe2 showing coexistence of FM and AFM excitations. The Bose factor is
divided out in all panels, giving the imaginary part of the dynamical susceptibility χ′′. (a) Temperature dependence of energy-
and momentum-resolved excitations at k= 0.5 ± 0.05 r.l.u. and l= 0.0 ± 0.3 r.l.u.. The optical modes around 10 and 20 meV
are attributed to phonons, see Sec. S6 for comparison with DFT-calculated phonon spectra and references [41–46] therein for
technical details. (b) Low-Q constant-energy cut at E= 4 ± 1 meV. The white lines are Brillouin zone boundaries. (c) Line
cuts along the [110]-direction at k= 0.5 ± 0.1 r.l.u. and E= 4 ± 1 meV.

with a lower incident neutron energy Ei = 25 meV shows
that the signal is gapless within the instrumental reso-
lution of 0.65 meV [Fig. S8]. Applying a magnetic field
of µ0H = 4 T along the c-axis did not yield clear changes
in either FM and AFM magnetic excitations [Fig. S9],
therefore it is likely that the dominant effect of the field
is to align the ferromagnetic domains without changing
microscopic magnetic correlations.

To provide insight into the mechanisms driving the
coexisting magnetism observed experimentally we per-
formed charge self-consistent DFT+DMFT [49–51] cal-
culations (see, also, references [53–61] in Supplementary
Information), and the results are summarized in Fig. 3.
Finite doping is realized by the virtual-crystal approxi-
mation (VCA) originating from the FeII site. The Fe(3d)
orbitals define the correlated subspace, with Hubbard
U = 5 eV and Hund-rule coupling JH = 0.7 eV, in line with
previous calculations [52]. Due to the hexagonal sym-
metry, the respective Fe five-fold states split into three
classes; a dz2-like a1g orbital, as well as two degenerate
e′g and two degenerate eg orbitals (for more details see
Sec. S4).

Below the FM transition, T = 195 K in Fig. 3(a), the
electronic spectral weight at low energy is reduced and
shifted to sidebands at ∼ ±0.2 eV. Right at the Fermi
level εF a pseudogap(-like) regime becomes visible. For
T = 100 K this regime becomes more pronounced and

an OSMT in the {eg, e′g} orbital sector has occured,
whilst the a1g sector remains metallic. Sharp low-energy
{eg, e′g} resonances are reappearing at even lower T , here
shown at T = 50 K, suggesting a Kondo coupling between
the {eg, e′g} localized states and the itinerant a1g orbitals.

The OSMT physics is most strongly realized on the FeI

sites and becomes weaker for the larger doping δ= 0.25.

The OSMT-driven physics leads to a specific
correlation-induced contribution to the local-moment
formation in FGT. And this contribution gives rise
to emerging AFM fluctations known for Mott-critical

systems. The q-dependent spin susceptibility χ
(0)
s in

Fig. 3(b) shows the growth of these AFM fluctuations
(rising intensity at the zone boundary) with lowering T ,
as also observed experimentally (cf. Fig. 2). Further in
agreement with the experimental data, the amplitude
is somewhat larger around the K point than at the M
point (see Sec. S4). The k-resolved features of the corre-
lated electronic structure at low energy are visualized in
Fig. 3(c) for ambient T with a fatspec representation, i.e.
spectral weight colored according to the respective Fe(3d)
orbital weight. Close to Γ the e′g orbitals show flattened
dispersion, which may be part of the root for the FM
instability. A Dirac(-like) crossing point with substan-
tial a1g weight is located at K because of the hexagonal
in-plane lattice structure.
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FIG. 3. DFT+DMFT results for Fe3−δGeTe2, where δ=x is the VCA doping level. (a) Total (left) and local Fe(3d) (spin-
)orbital-resolved (right) spectral function A(ω) for different δ and T . Left insets: larger energy window. Black circle for

T = 100 K highlights the OSMT scenario. (b) T -dependent Lindhard spin susceptibility χ
(0)
s (q, ω= 0) for δ= 0.1, 0.25. (c,d)

k-resolved spectral-function properties for δ= 0.1. (c) A(k, ω) along high-symmetry lines in a Fe(3d) fatspec representation at
T = 290 K. Mixed orbital weight appears as the accordingly mixed colors (see color scheme in graph). (d) Spin-summed A(k, ω)
for T = 50 K. (e) kz = 0 FS for T = 290 K in fatspec representation (left) and spin-summed intensity for T = 50 K (right).

The multi-sheet interacting Fermi surface (FS) dis-
plays a rather intricate topology. This complexity is re-
duced in the low-T phase at 50 K (see Fig. 3(d)), where
two dominant FS sheets around Γ are established. Note
that the outer sheet actually represent two entangled sub-
sheets. Subtle states are encountered right at Γ and at
K, but a sharp single-level feature near Γ may connect to
Kondo physics. Flat dispersions further above and below
the Fermi level can also be observed along M-K. The in-
teracting FS and the additionally revealed k-dependent
features at low energy are in good agreement with angle-
resolved photoemission data [21]. The Fe ordered mo-
ments (see Sec. S4) become smaller by ∼20% for δ= 0.25,
in line with the experimental trend [28]. This reduction
with higher hole doping may be attributed to the parallel
decrease of the OSMT strength.

Concerning the origin of the OSMT in FGT, differences
in the respective orbital-resolved Fe(3d) fillings and dis-
persions seem most crucial. The FeI-a1g orbital shows a
pronounced bonding-antibonding splitting and is most-
itinerant with electron filling na1g

∼ 1.5, whereas the
e′g orbitals become integer-filled with ne′g ∼ 3 in the in-
teracting regime. The filling of the eg orbitals is nom-
inally somewhat below three electrons, but their more
ligand-hybridized character renders an obvious site dis-

tinction difficult. The OSMT is thus driven from the e′g
sector and eg seemingly locks in. Hence interestingly, the
e′g orbitals are apparently the key behind both the FM

transition and OSMT. On the more ligand-affected FeII

site, the strong orbital differentiation is smeared out, also
due to the direct onsite vacancies. Note that the present
five-orbital OSMT scenario with three electrons in the
twofold-degenerate e′g orbitals has to involve the Hund
JH in a more subtle manner than in conventional OSMT
candidates, such as ruthenates [25]. This may also be
inferred from the small ∼ 100− 200 meV charge gap ob-
tained here for the localized {e′g, eg} states.

Considering the experimental and theoretical results
presented here on FGT allows new insights into its exotic
and diverse behavior. The OSMT naturally explains the
coexistence of localized and itinerant electrons in strongly
correlated FGT by providing a multi-orbital character
to separately host these behavior. Moreover, initially a
general connection between OSMT and heavy-fermion
physics was made in Ref. [62]. While the connection
may be subtle [63–65], an example is found in the di-
rect fitting for the f -electron material UPt3 [66]. The
orbital-selective scenario revealed here for FGT provides
a natural origin for the measured heavy-fermion signa-
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tures [21–23]. Kinetic-exchange within this Mott-critical
subspace then drives nearest-neighbor AFM fluctuations,
which manifests in the spin-susceptibility enhancement
at the BZ boundary observed experimentally and the-
oretically here and debated in the literature. Look-
ing forward, as the low-temperature DFT+DMFT treat-
ment of the realistic system is hindered by computa-
tional limitations, further details and cutting-edge data
on the OSMT-based interplay between Kondo screening
and magnetic order/fluctuations have to be addressed in
tailored model-Hamiltonian studies.

In conclusion, an orbital-selective Mott transition has
been shown to drive the emergent properties in FGT.
This provides a singular multi-orbital character to this
material, which both reconciles the apparent dual nature
of local and itinerant magnetism and explains the obser-
vation of AFM fluctuations from the presented neutron-
scattering data. Unexpected signatures of heavy fermion
physics in previous studies of FGT have proven to be
challenging to rationalize, however the uncovering of
OSMT physics provides a clear route for the solution of
this problem. The results presented here represent a sig-
nificant advancement in understanding the coexistence

of itinerant and local moments in a canonical quasi-2D
vdW ferromagnetic material and may have relevant con-
sequences for spin and orbital dependent electronic func-
tions within wider spintronic and topological transport
research.
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